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The current work aimed to understand how the Reynolds number affected the characteristics of turbulent power-law fluids. A fully developed large-eddy simulation (LES) of turbulent pseudoplastic and dilatant fluids over a straight pipe was performed numerically at three Reynolds numbers (4000, 8000, and 12000) and flow behaviour indexes of (0.75, 1 and 1.4). The key findings indicated that when the Reynolds number rose, the creation of axial fluctuations close to the wall area was amplified significantly. This led to a notably improved kinetic energy of turbulent fluctuations across the radial direction. The mechanism of the velocity variations from the near-wall area towards the core region was enhanced with rising Reynolds numbers. This trend was more evident as the flow behaviour index dropped.

INTRODUCTION

Non-Newtonian flow plays a significant role in the mechanical and engineering sectors, particularly in processing food, pharmaceuticals, polymers, cement, petroleum, and other materials. In the last several decades, research on the power-law fluids in pipe designs has generated a significant quantity of literature, most of which has focused on the turbulent flow of non-Newtonian fluids [START_REF] Metzner | Flow of non-Newtonian fluids-correlation of the laminar, transition, and turbulent-flow regions[END_REF][START_REF] Metzner | Non-Newtonian Fluid Flow. Relationships between Recent Pressure-Drop Correlations[END_REF][START_REF] Dodge | Turbulent flow of non-newtonian systems[END_REF][START_REF] Vidyanidhi | Non-Newtonian Flow in a Rotating Straight Pipe[END_REF][START_REF] Pinho | Flow of non-newtonian fluids in a pipe[END_REF][START_REF] Malin | Turbulent pipe flow of power-law fluids[END_REF][START_REF] Malin | the Turbulent Flow of Bingham Plastic Fluids in Smooth Circular Tubes[END_REF][START_REF] Ohta | DNS and LES with an extended Smagorinsky model for wall turbulence in non-Newtonian viscous fluids[END_REF][START_REF] Gnambode | Large-Eddy simulation of turbulent pipe flow of power-law fluids[END_REF][START_REF] Gavrilov | Direct numerical simulation of the turbulent flows of power-law fluids in a circular pipe[END_REF][START_REF] Gavrilov | Direct numerical simulation of the turbulent energy balance and the shear stresses in power-law fluid flows in pipes[END_REF][START_REF] Singh | The effect of yield stress on pipe flow turbulence for generalised newtonian fluids[END_REF]. For the first time, Dodge and Metzner [START_REF] Dodge | Turbulent flow of non-newtonian systems[END_REF], in their article, reported a theoretical analysis turbulent flow of non-Newtonian fluids through smooth pipes. With four concentrations of a polymer shear-thinning solution (sodium carboxymethyl cellulose) and water, Pinho et al. [START_REF] Pinho | Flow of non-newtonian fluids in a pipe[END_REF] assessed the mean axial velocity and the three normal stresses in fully developed pipe flow across a range of Reynolds numbers from 240 to 111,000. Direct numerical simulation (DNS) was carried out by Gavrilova and Rudyak [START_REF] Gavrilov | Direct numerical simulation of the turbulent flows of power-law fluids in a circular pipe[END_REF] [START_REF] Gavrilov | Direct numerical simulation of the turbulent energy balance and the shear stresses in power-law fluid flows in pipes[END_REF] at two generalised Reynolds values, 10000 and 20000, across power-law index ranges of 0.4 to 1. Recently, Singh et al. [START_REF] Singh | The effect of yield stress on pipe flow turbulence for generalised newtonian fluids[END_REF] used (DNS) at a friction Reynolds number Reτ=323 to examine the impact of the flow index parameter of power-law fluids in turbulent pipe flow.

In a more recent study, Abdi et al. [START_REF] Abdi | Numerical simulation of turbulent forced convection of a power law fluid flow in an axially rotating pipe[END_REF] used LES and an extended Smagorinsky model to perform fully developed turbulent forced convection of thermally independent pseudoplastic fluid via an axially heated rotating conduit. With a rotational speed ranging from 0 to 3, the simulation is working fluid Reynolds and Prandtl values were set to 4000 and 1, respectively. The temperature along the pipe wall radius is shown to fall as the rotation rate rises pipe wall rotates dramatically. This is due to a centrifugal force that substantially causes the mean axial velocity profile to rise when the apparent fluid viscosity in the pipe core region lowers.

In the current study, with a typical dynamic model and the LES technique, a numerical analysis of the fully developed turbulent flow of power-law fluids through a pipe was carried out for three simulations of Reynolds values (Res=4000, 8000, and 12000). The flow behaviour indices used in this research primarily examined pseudoplastic and dilatant fluids were 0.75 (shear-thinning), 1, and 1.4, respectively (shearthickening). The investigation aimed to demonstrate how the Reynolds number affected the turbulence characteristics through analysis and discussion of the key turbulence statistics related to these problems.

GOVERNING EQUATIONS AND NUMERICAL PROCEDURE

Governing Equations

The present study was devoted to a fully developed turbulent flow of pseudoplastic (n=0.75), dilatant (n=1.4) and Newtonian (n=1) fluids through an axially stationary pipe with a computational domain of 20R (Fig. 1) by employing LES with a standard dynamic model. Three simulation Reynolds numbers (Res) were considered (4000, 8000 and 12000), which were based on the centerline axial velocity of the analytical fully developed laminar profile (UCL), which were defined respectively as Res=ρUCL 2-n R n /K and UCL=(3n+1).Ub/(n+1). The filtered equations can be expressed as follows (Equations 1 and 2): The constitutive equation for the power-law model is given by:
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The variables K and n are the fluid consistency index and the flow behaviour index, respectively. The shear-thinning behaviour occurs for 1 n  , shear-thickening for n>1, and n=1 the fluid shows Newtonian behaviour.

Numerical Procedure

The present investigation was performed with a grid resolution of 65 3 grid points in axial, radial and circumferential directions. The governing equations were discretised on a staggered mesh in cylindrical coordinates with a computational length in the axial direction 20R. The numerical integration was performed using a finite difference scheme, second-order accurate in space and time. The time advancement employed a fractional-step method. A third-order Runge-Kutta explicit scheme and a Crank-Nicholson implicit scheme were utilised to evaluate convective and diffusive terms. The above mathematical model was implemented in a finite difference laboratory code. In the non-Newtonian Smagorinsky model, the subgrid stress tensor ij  is linked to the strain rate tensor by 2

ij t ij S  =-
. The turbulent viscosity is computed by ( )

2 t s s n ij C f f S  = ,
where  is the computational filter, Cs the model constant, fs the van Driest wall damping function, and fn is the correction function for the change in viscosity.

RESULTS AND DISCUSSION

The aim was to discern or distinguish the Reynolds number influence on the power-law fluids turbulence characteristics in turbulent pipe flow. The study was focused on the pseudoplastic (shear-thinning n=0.75), dilatant (shear-thickening n=1.4) and Newtonian (n=1) fluids at low (Res=4000), moderate (Res=8000) and high (Res=12000) simulation Reynolds numbers. To ascertain the accuracy and reliability of the results, the turbulence intensities of the axial, radial and tangential velocity fluctuations of a Newtonian fluid compared reasonably with that of Redjem et al. [START_REF] Redjem-Saad | Direct numerical simulation of turbulent heat transfer in pipe flows: Effect of Prandtl number[END_REF] at the Reynolds number of 5500. It was apparent that no significant difference was observed between the RMS profiles of the axial component, where the turbulence intensities of the axial velocity collapsed with that of Redjem et al. [START_REF] Redjem-Saad | Direct numerical simulation of turbulent heat transfer in pipe flows: Effect of Prandtl number[END_REF] along the radial coordinate. The turbulence intensities of the radial and tangential velocity fluctuations were slightly overestimated compared to those of Redjem et al. [START_REF] Redjem-Saad | Direct numerical simulation of turbulent heat transfer in pipe flows: Effect of Prandtl number[END_REF]. The small discrepancy may have been due to the difference in the Reynolds number value and the numerical solution procedure. 

Turbulence Intensities of velocity fluctuations

The root mean square (RMS) distributions of the axial, radial and tangential velocity fluctuations along the pipe radius versus the distance from the wall in wall units Y + scaled by the friction velocity are presented respectively in Fig. 2, Fig. 2 and Fig. 5. As appears in Fig. 2, the turbulence intensities of the axial velocity fluctuations were almost identical over the near-wall region (Y + <3) for all studied cases, which was due to the absence of turbulent shear stress where the molecular shear stress force was dominant in this flow region. Beyond approximately (Y + =5), the profiles increased and deviated from each other gradually the further away from the wall with the wall distance Y + . The axial turbulence intensities began to enhance significantly beyond (Y + =5), which indicated that the axial velocity fluctuations were generated in the near-wall region. There was a clear trend of increasing axial turbulence intensities along the radial out of the viscous sublayer (0≤Y + ≤5). This meant the axial fluctuations propagated from the wall towards the remaining flow regions. Beyond approximately (Y + =20), the axial turbulence intensities began to drop progressively towards the core region. These profiles fell to lower values in the core region for all cases. In other words, the axial velocity fluctuations gradually vanished with the logarithmic region wall distance (30≤ Y + ≤200).

It can be seen from Fig. 2 that the axial turbulence intensities profiles of the Reynolds number of 12000 were considerably larger than those of 8000 and 4000 along the radial direction for all flow behaviour indices, especially at the peak value location. The increased Reynolds number also led to shifting the peak location from the wall towards the core region. It can be said that the increased Reynolds number resulted in a pronounced enhancement in the generation of axial fluctuations near the wall region, which also led to ameliorating the transport of these fluctuations from the viscous sublayer towards the core region along the radial direction. It was worth noting that this trend was more pronounced as the flow behaviour index (n) decreased. On the other hand, the RMS profiles of the shear-thinning fluids lay above those of the shearthickening and Newtonian fluids along the pipe radius. This meant that the decreased flow behaviour index (n) led to improving the generation and the propagation of the axial fluctuations along the radial direction, as pointed out by Gavrilov and Rudyak [START_REF] Gavrilov | Direct numerical simulation of the turbulent flows of power-law fluids in a circular pipe[END_REF], where this trend was more pronounced as the Reynolds number increased. As appears in Fig. 3, the turbulence intensities of the radial velocity fluctuations were nearly linear and equal to zero value along the near-wall region (Y + <3) for all cases. It can be said that the RMS of the radial component was nearly independent of the Reynolds number and the flow behaviour index in this region. At a large wall distance, the effects of the Reynolds number and flow behaviour index became more significant with the wall distance. The radial turbulence intensities began to increase gradually far away from the wall with wall distance Y + . Moreover, these profiles began also to deviate from each other out of the viscous sublayer (0≤Y + ≤5), where this deviation became more distinct with increasing Reynolds number. Out of the buffer region (5≤ Y + ≤30), the radial turbulence intensities profiles began to decrease noticeably after reaching their peak values in the logarithmic region (30≤ Y + ≤200) for the three Reynolds numbers.

As shown in Fig. 3, the profiles of the 12000 lay slightly below those of the 8000 and 4000 along the pipe radius. These profiles of 12000 appeared to shift away from the wall towards the core region as compared with those of 8000 and 4000 for all flow behaviour indices. It was evident that the increased Reynolds number led to attenuating or lessening the radial turbulence intensities slightly and also led to improving the propagation of these fluctuations from the wall to the core region. This trend was more pronounced as the flow behaviour index decreased. On the other hand, the pseudoplastic (n=0.75) profiles lie down those of the dilatant (n=1.4) and Newtonian fluid for all Reynolds numbers along the radial coordinate, where the decreased flow behaviour index results in a marked attenuation in the radial turbulence intensities over the pipe radius, as pointed out by Gavrilov and Rudyak [START_REF] Gavrilov | Direct numerical simulation of the turbulent flows of power-law fluids in a circular pipe[END_REF]. Figure 4 shows the distribution of turbulence intensities of the tangential velocity fluctuations. These profiles had the same trend over the pipe radius, where there was a clear trend of oscillations in this profile along the radial direction for Reynolds numbers of 4000, 8000 and 12000 for the three flow behaviour indices. It can be said that the tangential turbulence intensities were less affected by the Reynolds number, where it was apparent that no significant noteworthy differences were found between the profiles of 1200, 8000 and 4000 along the radial direction for the three flow behaviour indices. 

Turbulent Kinetic energy

The kinetic energy of turbulent fluctuations of the pseudoplastic (n=0.75), dilatant (n=1.4) and Newtonian (n=1) fluids along the pipe radius (R) are illustrated in Fig. 5. The turbulent kinetic energy profile was linear and remained constant in the near-wall region (Y + <1) for all Reynolds numbers because of the absence of velocity fluctuations in the near-wall region. Far away from the wall, the turbulent kinetic energy began to enhance gradually with the wall distance Y + . This enhancement or improvement was related to augmentation in the turbulence intensities of the axial, radial and tangential velocity fluctuations in this flow region. The turbulent kinetic energy profiles reached their peak values. Beyond approximately (Y + =20), these profiles dropped rapidly to zero in the core region for all cases. This reduction occurred because of the vanishing of the axial, radial and tangential turbulence intensities in this flow region.

Interestingly, the axial velocity fluctuations were generated in the near-wall region (Fig. 2) and transferred to the radial and tangential components. These fluctuations vanished in the core region (Fig. 3, Fig. 4), as pointed out by Gavrilov and Rudyak [START_REF] Gavrilov | Direct numerical simulation of the turbulent flows of power-law fluids in a circular pipe[END_REF]. As shown in Fig. 5 the turbulent kinetic energy profile of the Reynolds number of 12000 lies above those of 8000 and 4000 along the pipe radius, especially in the buffer region. The increased Reynolds number resulted in an enhancement in the generation of the axial fluctuations. The transfer mechanism of these fluctuations to the radial and tangential components consequently ameliorated the kinetic energy of turbulent fluctuations over the radial direction. It should be noted that this trend was more pronounced as the flow behaviour index increased. 

Turbulent Reynolds shear stress

The predicted profiles of Reynolds shear stress were equal to zero along the viscous sublayer (0≤ Y + ≤5). These profiles deviated significantly from each other and exhibited a gradual enhancement with wall distance. Beyond the logarithmic region (30≤ Y + ≤200), these profiles dropped to zero in the core region. It was evident that the increased Reynolds number resulted in a marked enhancement in the Reynolds stress, especially in the logarithmic region, for the three flow behaviour indices. 

CONCLUSIONS

The current study focused on the numerical analysis of a fully developed turbulent flow of power-law fluids in a conduit using the LES technique and a conventional dynamic model at three Reynolds number simulations (4000, 8000 and 12000). With flow behaviour indices of 0.75 and 1.4, respectively, this research sought to determine the effect of the Reynolds number on the mean turbulence characteristics of turbulent pseudoplastic and dilatant fluids. The results indicated that radial turbulence intensities were attenuated, and the higher Reynolds number significantly enhanced the axial fluctuations near the wall area. Additionally, the higher Reynolds number facilitated the radial transmission of these variations from the viscous sublayer to the core area. These trends became more evident as the flow behaviour index dropped. An increase in Reynolds number enhanced the kinetic energy of turbulent variations in the radial direction. This tendency became more evident as the flow behaviour index rose. Figures list.
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